Among series of novel bis-phenanthridinium -nucleobase conjugates, the adenine derivative revealed high (logKs = 6.9 M -1 ) and selective affinity toward complementary nucleotide (UMP), accompanied by specific change in the UV/Vis spectrum of phenanthridine subunits, differing significantly from changes caused by addition of other nucleotides. High stability and selectivity of adenine-conjugate/UMP non-covalent complex is according to the molecular modelling studies correlated to the number of inter-and intramolecular aromatic stacking interactions between phenanthridinium subunits, covalently attached adenine and added UMP, while selectivity of adenine-conjugate toward UMP in respect to other nucleotides is most likely the consequence of additional hydrogen bonding between UMP and adenine.
Introduction
Efficient synthetic receptors with the capability for selective substrate binding in aqueous solution are important for the understanding of molecular recognition and self-assembly in chemical and biological systems. 1 Detection of nucleosides and nucleotides in aqueous medium has paramount importance as they form the fundamental units of all the life forms.
However, differentiation among naturally occurring nucleobases based on different hydrogen bonding patterns within the artificial receptor is strongly limited due to competitive hydrogen bonding of water; 2 therefore among many artificial receptors reported, most of them lacked base selectivity. Actually, up till now there are only a few receptors able to selectively bind some of nucleobases in water. Lhomme et al showed the capacity of aryl -nucleobase conjugates to recognize certain nucleobases in waterzinc(II) complexes of the macrocyclic tetraamine 1,4,7,10-tetraazacyclododecane (cyclen) have a unique propensity to bind with deprotonated imides like thymine and, uracil, by forming non-covalent stable complexes in biologically relevant conditions. 4 Moreover, cyclenes appended with aromatic rings such as acridine and ditopic receptors yielded binding constants for TMP and UMP up to K= 10 7 M -1 . 5 Furthermore, some cyclo-bis-aromatic derivatives revealed selectivity toward certain nucleobases or basepairs due to the selective interactions of nucleobases with the linkers connecting aromatic subunits. 6 Previously prepared bis-phenanthridinium compounds have shown at the time the highest affinity toward nucleosides and nucleotides but not selectivity among studied nucleobases. 7, 8 consequence of hydrophobic effects (both, entropy-and enthalpy-driven), 9 pre-organisation of bis-phenanthridinium analogues suitable for nucleobase insertion (template effect), 10 as well as of the other interactions yielding significant template effect. Furthermore, earlier reported phenanthridinium -nucleobase conjugates were not able to differentiate among selected nucleotides in aqueous medium, most likely due to the strong competition of bulk water with expected hydrogen bonds between complementary nucleotide and nucleobase attached to the intercalator. [11] [12] [13] However, the same phenanthridinium -nucleobase conjugates interacted highly selectively with complementary polynucleotide sequences, most likely due to the polynucleotide hydrophobic environment, which allowed formation of specific hydrogen bonds between nucleobase attached to intercalator and nucleobases of polynucleotide. Tosyl-groups were removed by heating at 100 C under acidic conditions, followed by neutralization using 5M NaOH aqueous solution (Scheme 3). Compounds 9-12 were found to be sufficiently soluble in water under acidic conditions (pH 5). 
Spectroscopy
The UV-Vis spectra of compounds 9-12 are strongly pH dependent, exhibiting a one step change at pKa  6, which was attributed to the protonation of phenanthridine heterocyclic nitrogen. 11, 18 Due to the poor solubility of examined compounds in neutral and basic conditions, all further measurements were performed at pH = 5.0, with more than 90% of all compounds being in the protonated (phenanthridinium) form. The absorbance of compounds 9-12 was linearly dependent on the concentration within the c=110 -6 -410 -5 mol dm -3 range (Table 1) , while at higher concentrations aggregation of chromophores, as well as some precipitation occurred. The compounds 9-12 exhibited fluorescence emission (Table 1) proportional to concentration of compound up to c = 5 × 10 -6 mol dm -3 . Excitation spectra monitored at emission maxima agree well with the corresponding UV/Vis spectra.
A pronounced hypochromic effect of 9-12 absorption maxima in comparison to the monomer compound Ph-C3 ( a H, Table 1 ) is most likely the consequence of intramolecular aromatic stacking interactions. Furthermore, comparatively weak fluorescence of referent compound 9 is most likely caused by strong intramolecular aromatic stacking between phenanthridinium subunits (Table 1) , while significantly stronger fluorescence of bis-phenanthridiniumnucleobase conjugates 10-12 (in comparison to 9) could be the result of intramolecular unstacking of phenanthridinium subunits caused by at least partial nucleobase insertion. 
Interactions with nucleotides
Interactions of compounds 9-12 with nucleotides in aqueous medium were studied by UV/Vis and fluorimetric titrations. Due to the low solubility of 9-12 UV/Vis titrations were performed using immersion probe with 5 cm light path length, which allowed measurements at concentration range of 10 -6 mol dm -3 , thus at experimental conditions comparable to fluorimetric titrations. It should be noted that UV/vis spectra were collected in the range  = 260 -300 nm, at which both, 9-12 and also nucleotides absorb light, therefore for the processing of the titration-induced changes in complete spectral range multivariate analysis program was necessary (we applied Specfit). 19 It should be stressed that at  >290 nm adenine Changes in the UV/Vis spectra at  >290 nm of 9-12 upon titration with GMP and CMP were less informative due to the partial masking of changes by intrinsic UV/vis spectra of nucleotides.
However, fluorimetric titrations ( Figure 3 ) yielded more pronounced spectroscopic changes than UV/Vis titrations and therefore binding constants (Ks) and stoichiometries of the complexes determined upon processing the titration data by Specfit 19 program are more accurate than those calculated from UV/Vis titrations. Nevertheless, both methods yielded quite comparable Ks values and for all titrations the best fit was obtained for stoichiometry 9-12/nucleotide = 1 : 1 (Table 2) . The binding constants (Table 2 ) obtained for referent compound 9 and all studied nucleotides are comparable with those of previously studies phenanthridinium-based bis-intercalands and cyclo-bis-intercalands. 7 It should be stressed that monomer Ph-C3 binds nucleotides predominantly by aromatic stacking interactions yielding logKs  2. Since compound 9
consists of two Ph-C3 subunits linked by inert aliphatic chain, if aromatic stacking interactions would be dominant in 9/nucleotide complexes, the values of Ks (9/nucleotide)  Ks (Ph-C3/nucleotide) 2 , which is actually not the case (Table 2) ; the obtained values of Ks (2/nucleotide) are more than two orders of magnitude higher, suggesting presence of significant template effect. 7 Affinity of bis-phenanthridinium-nucleobase conjugates 10-12 toward most of the studied nucleotides is comparable to the referent compound 9 affinities.
That is also pointing toward significant template effect in respect to previously studied phenanthridinium-nucleobase conjugates, 11, 12 as well as phenanthridinium-bis-nucleobase conjugates.
Most intriguingly, the adenine conjugate 11 binds complementary nucleotide UMP with the binding constant (Ks 11/UMP) an order of magnitude higher than any of the binding constants obtained for the referent compound 9 (Ks 9/nucleotide). Moreover, the affinity of 11 toward UMP is significantly higher than affinity of 11 toward other nucleotide mono-phosphates (AMP, GMP, CMP, Table 2 , Figure 3B ). Such significantly stronger affinity points toward additional interactions between 11 and UMP (not present in the case of other nucleotide monophosphates).
Furthermore, we performed isothermal titration calorimetric (ITC) studies of compound 11
with nucleotides but at the highest possible concentrations (c(11) = 2  10 -6 mol dm -3 )
observed enthalpy changes were too low for any accurate conclusion.
Discussion of results of spectrophotometric titrations
The UV/Vis spectrum of aromatic moiety usually reveals hypochromic effect upon stacking with another aromatic  - system, although the intensity of hypochromic effect is not directly related to the binding constant. Therefore, hypochromic effect of 9-12 compared to monomer Ph-3 can be explained by intramolecular aromatic stacking of two An order of magnitude higher binding constant of 11/UMP complex in comparison to any other 11/nucleotide complex or 9/nucleotide complex (Table 2) is also in line with proposed adenine-UMP basepair formation. Assuming that hydrogen bonding is contributing to the selectivity of 11 toward UMP, adenine of 11 should be positioned into hydrophobic surrounding (e.g. between phenanthridinium subunits), within which water molecules are mostly excluded. Otherwise, competition of extremely high excess of bulk water would not allow formation of hydrogen bonds between nucleobases, as previously noted for phenanthridinium-nucleobase conjugates. 11, 12 Since aforementioned UV/Vis and fluorimetric titrations cannot directly prove proposed adenine-UMP basepair formation and low solubility of 9-12 hampered detailed studies by structurally more specific methods (NMR, ITC, crystallographic studies), we have investigated possible conformations of such complexes by molecular modelling studies.
Molecular Modelling
All studied molecules were prepare in both; extended and maximally folded shape with rings stacked conformations, solvated, energy optimised and subjected to MD simulations (for details of MD simulations see 'Methods'). During the MD simulations the extended conformations folded and the stacked ones slightly unfolded. However majority of molecules retained their folded (more or less stacking conformation), with no water molecules accommodated within the two phenanthridinium units, (Figure 4 ). Obtained structures are in accordance with pronounced hypochromic effect of 9-12 absorption maxima (Table 1) in comparison to that of the referent compound Ph-C3, whereby the strongest hypochromic effect of 9 (if compared to nucleobase conjugates 10-12) supports the insertion of a nucleobase between phenanthridinium subunits (as shown in Figure 4 ). Apparently impact of multiple aromatic stacking interactions on the hypochromicity in the UV/Vis spectrum is significant for the studied bis-phenanthridinium skeleton. The stacking interaction is the most efficient between two phenanthridinium subunits (9), insertion of another aromatic moiety decreases the stacking interaction intensity, whereby the effect of uracil, ie. smaller aromatic moiety (10) insertion is in comparison with stacking of the adenine (11, 12) less favourable.
Although fluorescence of small molecules in water is complex phenomenon and often can not be directly correlated to structural properties, it is intriguing that intensity of fluorescence emission of phenanthridinium units of all studied nucleobase conjugates is significantly stronger than that of the compound 9 (Table 1) , also supporting intramolecular interactions of nucleobases with fluorescence emitting chromophores.
Figure 4. Conformations of studied compounds obtained by MD simulations
Since conformations presented in Figure 4 resemble to a molecular shape of a hydrophobic cavity in which there is no water molecules, we considered them to be excellent starting points for a further modelling studies of the non-covalent complexes with nucleoside monophosphates AMP and UMP.
In the initial conformation of the 9-AMP complex, used in MD simulations, adenine was inserted between two phenanthridinium units in a similar manner as obtained for covalently bound adenine conjugate 11 during MD simulations ( Figure 4 ). Complexes 11-UMP and 11-AMP were built in a way to enable adenine from 11 and base from mono -phosphate to form hydrogen bonds ( Figures 6A and 7A ).
The complexes were solvated in water and the systems were geometry optimised and subjected to molecular dynamics simulations for 8. 
Conclusions:
The bis-phenanthridinium -adenine derivative 11 successfully combined high affinity of previously known bis-intercalands 7 towards nucleobases with the selectivity toward complementary nucleotide (UMP). Molecular modelling studies suggests that selectivity of 11
toward UMP with respect to other nucleotides is most likely consequence of organization of the 11-UMP complex in the compact form stabilized by efficient intra-and intermolecular stacking interactions (as shown by hypochromic effect in UV/Vis titration) as well as by intermolecular hydrogen bonds between uracil and 11.
Other bis-phenanthridinium -nucleobase derivatives (10 and 12) were not able to distinguish between studied nucleotides significantly. The MD simulations of uracil-conjugate 10 as well as 9-UMP complex suggest that uracil due to the small aromatic surface was not able to form a stable conformation in which it would simultaneously form stacking interactions with the both phenanthridinium subunits and therefore failed to induce formation of the hydrophobic cavity necessary for hydrogen bonding recognition of nucleotides. On the other hand, two adenines attached to the derivative 12 could compete with any nucleotide added, thus lowering the binding constant value.
Finally, high affinity of novel compounds 9-12 towards nucleotides makes studies of their interactions with single stranded and double stranded DNA/RNA sequences highly promising, whereby selectivity of 11 towards UMP could be even more pronounced in a case of more hydrophobic poly U. In addition, other bis-phenanthridinium -nucleobase derivatives could also reveal selective affinity and/or spectroscopic sensing toward complementary DNA/RNA sequences. Furthermore, all studied compounds and especially derivative 9 are expected to show high affinity toward ds-DNA, and consequently pronounced biological activity as many other bis-aromatic compounds. 
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Experimental
General Procedures
UV/Vis and fluorescence measurements
Nucleotides were purchased from Sigma and Aldrich, and used without further purification.
The measurements were performed in aqueous buffer solution (pH = 5, I = 0.05 mol dm -3 , sodium cacodylate/HCl buffer). Under the experimental conditions used (concentration of compounds 9-12 ~ 10 -6 mol dm -3 ) the absorbance and fluorescence intensities of 9-12 were proportional to their concentrations. Spectroscopic titrations were performed at constant ionic strength (buffer, I = 0.05 mol dm -3 ) by adding portions of nucleotide solution into solution of the tested compound. Obtained data were corrected for dilution. UV/Vis titrations were performed using immersion probe with 5 cm light path length, which allowed measurements at concentration range of 10 -6 mol dm -3 , thus at experimental conditions comparable to fluorimetric titrations. It should be noted that UV/vis spectra were collected in the range  = 260 -300 nm, at which both, 9-12 and also nucleotides absorb light, therefore for the processing of the titration-induced changes in complete spectral range multivariate analysis program was necessary In fluorimetric titrations excitation wavelengths at  max = 320 nm were used in order to avoid absorption of excitation light by added nucleotides and changes in emission at maxima were monitored. The binding constants and stoichiometries of complexes of 9-12 with nucleotides were calculated for the concentration range corresponding to ca. 20-80 % complexation by non-linear least-square fitting program SPECFIT.
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Molecular modeling
Molecules were built using the module 'Builder' within the program InsightII, 23 and using the option 'Modify Torsion' the stacking conformation was prepared for each of the molecule.
The crystal structure of AMP was separated from crystal structure of complex with PDB-id code 1Z6S.
UMP was constructed using the crystal structure of AMP as a by replacing A with U. The replacement was done using the module 'Biopolymer' within the program InsightII. The AMBER ff03 force field of Duan et al. 24 and the general AMBER force field GAFF were used to obtain parameters for the bis-phenanthridinium-conjugates, nucleoside monophosphates and water molecules. The tLeap module of AMBER 9 was used to obtain topology and coordinate files for molecules and complexes. The each molecule was placed in the centre of a octahedron that was filled with TIP3P type water molecules; the water buffer of 8 Å was used. Besides water molecules, Cl-ions were added to neutralize the system when necessary Geometry optimization and molecular dynamics (MD) simulations were accomplished using the AMBER 9 program package. 25 The simulation was accomplished using Periodic Boundary Conditions (PBC). The Particle Mesh Ewald (PME) method was used for calculation of electrostatic interactions. In the direct space the pairwise interactions were calculated within the cutoff-distance of 11 Å. Before molecular dynamics (MD) simulations, the system was optimized using steepest descent and conjugate gradient methods, 1500 steps of each. After energy minimization, the system was equilibrated during 10 ps.
During equilibration the temperature was linearly increasing from 0 to 300 K and the volume was held constant. The equilibrated system was then subjected to at least 8.5 ns (UMP -11
and AMP -11, 13.5 ns AMP -9) of productive unconstrained molecular dynamics simulation at constant temperature and volume (300 K). The time step during the simulation was 1 fs and temperature was held constant using Langevin dynamics with a collision frequency of 1 ps -1 .
The trajectories were visualized using the VMD 1. 2).
1,6-Bis-[8-(propyltosylamino)phenanthridine-6-il]-hexane (3): 1-bromopropane (234 l;
257 mmol; 20 equivalents) and K 2 CO 3 (266 mg; 1.93 mmol, 20 equivalents) were suspended in dry DMF (10 ml). To this suspension, solution 1,6-bis-(8-tosylaminophenantridine-6-il)-hexane (2) (100 mg; 0.128 mmol) in dry DMF (5 ml) was added dropwise during 10 min. and the reaction mixture was stirred during 4 days under argon atmosphere at room temperature.
Water and CH 2 Cl 2 were added to this suspension, the water layer was washed twice with CH 2 Cl 2 , organic extracts were dried over Na 2 SO 4 and evaporated, yielding brown oil. Oily 
1-[8-(3-bromopropyltosyl)aminophenanthridine-6-il]-6-[8-
(propyltosyl)aminophenanthridine-6-il]-hexane (4): 1-bromopropane (56 l; 0.617 mmol;
1.6 equivalents) and K 2 CO 3 (133 mg; 0.964 mmol, 2.5 equivalents) were suspended in dry DMF (10 ml). To this suspension, solution 1,6-bis-(8-tosylaminophenantridine-6-il)-hexane (2) (300 mg; 0.386 mmol) in dry DMF (5 ml) was added dropwise during 10 min. and the reaction mixture was stirred during 7 days under argon atmosphere at room temperature.
Then, 1,3-dibromopropane (525 l, 5.14 mmol, 13 equivalents) and K 2 CO 3 (533 mg; 3.86 mmol, 10 equivalents) were added to reaction mixture, that was stirred during next two days under argon atmosphere at room temperature. Water and CH 2 Cl 2 were added to this suspension, the water layer was washed twice with CH 2 Cl 2 , organic extracts were dried over Na 2 SO 4 and evaporated, yielding brown oil. Oily residue was triturated with water to give 826 mg of light brown precipitate that was filtered (160 mg, 44%), washed with water and dried. 
